The first crystallographic study on an aromatic analogue of the antileukemic agent methylglyoxal bis(amidinohydrazone) (MGBG) is reported. Thus, the crystal and molecular structures of two different geometrical isomers of phenylglyoxal bis(amidinohydrazone) (PhGBG) sulphate were determined by single-crystal X-ray diffraction. Crystals were prepared by recrystallizing PhGBG sulphate using either water or aqueous ethanol (volume ratio ethanol:water 1:4) as the solvent. Depending on the solvent, different types of crystals were obtained although the PhGBG sulphate employed was in the both cases from the same synthesis batch that had been prepared according to classical methods from the corresponding glyoxal. When a crystal obtained from water was studied, PhGBG was found to exist solely in the form of the anti-anti isomer. e. the same isomer that has been observed in the cases of all mono-and dialkylglyoxal bis(amidinohydrazones) so far studied. However, when PhGBG sulphate was recrystallized from 20 % aqueous ethanol, the crystals obtained consisted of a different geometrical iso mer. In this anti-syn isomer the carbon-nitrogen double bond closest to the phenyl group had the syn configuration. In the anti-syn isomer, there is an internal hydrogen bond between the two amidinohydrazone moieties, which may markedly contribute to the stabilization of the isomer. The anti-syn isomer of PhGBG is analogous to the only isomer of trifluoromethylglyoxal bis(amidinohydrazone) so far observed. PhGBG sulphate constitutes the first case in which two different geometrical isomers of a bis(amidinohydrazone) have been observed. In the case of the much studied aliphatic mono-and dialkylglyoxal analogues, isomerization of the bis(amidinohydrazone) backbone has never been observed. The structural flexibility of the bis(amidinohydrazone) chain of PhGBG is obviously attributable to the electron-withdrawing resonance effect and perhaps also to the inductive and hyperconjugative effects of the phenyl group. The obviously facile isomerization of PhGBG may markedly influence the biochemical properties of the compound.
Introduction
The biochemical effects and the physiological significance of the ubiquitous natural polyamines that appear to exist in all living cells are largely un known in spite of intensive studies that have been carried out for decades [1 -3] . Therefore, a great interest exists in compounds that modulate the bio chemistry of these substances e. g. by inhibiting their biosynthesis. This is especially so since it is Abbreviations: CF3GBG, trifluoromethylglyoxal bis-(amidinohydrazone); GBG, glyoxal bis(amidinohydrazone); MGBG, methylglyoxal bis(amidinohydrazone); PhGBG, phenylglyoxal bis(amidinohydrazone) * Reprint requests to Dr. Hannu Elo. suspected that the polyamines may be intimately involved in cellular proliferation, their metabolism thus being of interest as a possible target of anti cancer chemotherapy [2] [3] [4] [5] .
Since the discovery of the ability of methyl glyoxal bis(amidinohydrazone) [methylglyoxal bis-(guanylhydrazone), MGBG] to inhibit S-adenosylmethionine decarboxylase (AdoMetDC), one of the two rate-limiting enzymes of polyamine biosynthe sis [6] , this inhibitor became subject of intensive biochemical and pharmacological studies [2] [3] [4] [5] [6] [7] , The interest in MGBG was increased by its an tileukemic activity [8] that was suspected to result from inhibition of polyamine biosynthesis. Later, it however turned out that MGBG is far from a specific inhibitor of AdoMetDC and also inhibits diamine oxidase (DAO), an enzyme considered to be of great importance in the catabolism of the polyamines [9, 10] . So it actually is not surprising that in vivo administration of MGBG did not result in distinct polyamine depletion [2 -5 ,7 ] , suggesting strongly that its antiproliferative and antileukemic activity is independent of its ability to inhibit AdoMetDC. In recent years, we have synthesized a large number of aliphatic analogues of MGBG, some of which are more potent AdoMetDC inhibitors than MGBG itself and -more importantly -are also drastically more specific for AdoMetDC. Among these compounds, the most potent and specific AdoMetDC inhibitors are the diethylglyoxal derivative DEGBG and its ethylmethylglyoxal analogue EMGBG [11, 12] (see Fig. 1 for structural formulas). Crystallographic stud ies have been reported on a large number of aliphatic bis(amidinohydrazones), including the parent compound glyoxal bis(amidinohydrazone) (GBG) [13, 14] as well as several mono-and dialkylglyoxal analogues [11, 12, 15 -17] . In most cases, divalent salts in which the bis(amidinohydrazone) is in the doubly protonated (i.e., dication) form, have been studied, but also the structures of GBG free base and monohydrochloride have been deter mined [14] . The results of those studies led to the conclusion that the classical syntheses [7, 18] of GBG as well as its various C-alkylated and C-dialkylated analogues tend to yield only one of the several possible geometrical isomers, namely the anti-anti isomer (see Fig. 1 ) [7] . Further, the com pounds were found to have an all-trans configura tion of the bis(amidinohydrazone) chain in the solid state [7] . The all-trans rule was valid not only for the divalent salts but also for GBG free base and mono hydrochloride [14] . One further generalization also appeared to be valid: In nearly all cases, the back bone of the molecule was essentially planar, only EMGBG deviating to some extent from planarity [7, 11] .
The above rules cannot, however, be gen eralized to bis(amidinohydrazones) bearing sub stituents other than hydrogen atoms or alkyl groups, since in the case of trifluoromethylglyoxal bis(amidinohydrazone) (CF3GBG) [19] , the only isomer present in the crystal studied was found to be different from that observed in all other cases so far reported (see Fig. 1 ).
Although the structures, isomerism and tautomerism of aliphatic bis(amidinohydrazones) have been studied in detail by crystallographic methods [11 -17, 19] as well as by NMR [20] [21] [22] , similar data on their aromatic counterparts have not been available. Therefore, we have now studied in de tail the crystal and molecular structure of one such compound, phenylglyoxal bis(amidinohydrazone) (PhGBG). Three different kinds of crystals of PhGBG sulphate have been subject to study, the re sults obtained being distinctly different from those observed in the case of the previously studied aliphatic congeners.
Materials and Methods

Synthesis o f phenylglyoxal bis(amidinohydrazone) sul phate
Aminoguanidine bicarbonate (12.35 g, 91 mmol; Aldrich-Chemie, Steinheim, Germany) was dissolved in 52 ml of 1 M aqueous sulphuric acid (52 mmol) and was heated under efficient stirring for 20 min at ca. 55 °C in an open beaker for removal of bicarbonate. To this so lution were then added in portions and under constant stirring during ca. 10 min a total of 6.90 g (45 mmol) of phenylglyoxal monohydrate (Aldrich-Chemie), dissolved in absolute ethanol (130 ml). During the addition of the phenylglyoxal solution, the temperature of the bath was allowed to rise from 60 °C to about 75 °C. When approx imately one fourth of the phenylglyoxal had been added, the reaction mixture became opalesquent, but the white opalesquence disappeared on addition of further amounts of the ethanolic phenylglyoxal solution. Then, a further 30 ml of ethanol were added. The greenish yellow mix ture first turned green, rapidly followed by formation of a moss-green precipitate. The mixture was further stirred for 30 min at ca. 70 °C. during which the precipitate be came yellowish and got an oil-like appearance. The mix ture was allowed to cool and was then transferred onto an ice bath. Bacause of the oily character of the product, the mixture was kept at ca. 4 °C overnight but crystalline material was not obtained. 130 ml of water and then 50 ml of 0.2 M aqueous sulphuric acid were added in portions and the oil was triturated with a glass rod. yielding an off-white product. After cooling on an ice-salt bath, the precipitate was suction-filtered. After washing (40 ml of water, 40 ml 0.02 M aquoeus sulphuric acid and finally 20 ml of water) and air-drying, 14.8 g of a yellowish raw product were obtained.
Formation o f crystals
Crystals were prepared by dissolving 2.00 g of PhGBG sulphate raw product in 130 ml of water (90 °C). An aliquot of this solution was allowed to slowly concentrate at room temperature. Within two days, yellowish needle like crystals were formed that were allowed to grow for four months.
We also prepared crystals by dissolving 0.9 g of PhGBG sulphate in 150 ml of aquoeus ethanol (volume ratio ethanol:water ca. 1:4) and by allowing the solution to evaporate slowly at room temperature. In three days, crystals with a strong yellow colour were obtained.
Both crystals were prepared from the same synthesis batch.
X -ray crystal log raphy
Crystal data (Table I) were measured at 153 K on a Rigaku AFC-7S single-crystal diffractometer using graphite monochromatized MoKa radiation (A = 0.71073 A). The cell parameters were determined by least-squares treatment of the adjusted angular settings of 25 reflections (8° < 2 0 < 15°). The intensity measurements were carried out by the uj -2(9 scan technique. The scan rate varied from 4.0 to 32.0 min-1. Three standard reflections mea sured every 200 reflections showed the intensity variation to be random and within 1 % with respect to the mean. The intensities were corrected for Lorentz and polarization ef fects. For the crystals obtained from water, the intensities were corrected also for extinction effects. In both cases, an empirical absorption correction was made based on psi-scan.
The structures were solved by direct methods [23] and refined by successive Fourier and least-squares meth ods [24] , Hydrogen atoms were determined by differ ence syntheses and refined using a riding model with 
Results and Discussion
Crystals obtained fro m different solvents
In the present study, we prepared crystals of PhGBG sulphate using water and mixtures of water and ethanol as the solvents. An unexpected result was constituted by the discovery of two different geometrical isomers of PhGBG, the isomer present in the crystal depending on the solvent used in the recrystallization.
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Tautomerim
Just as is the case with all of the monoand dialkylglyoxal bis(amidinohydrazone) cations so far studied by X-ray and neutron diffraction [11] [12] [13] [14] [15] [16] [17] 19] , all of the terminal nitrogen atoms of PhGBG in both crystal types now studied were found to bear two hydrogen atoms, and the other guanidino nitrogens one hydrogen each, PhGBG thus existing in the form of the dica tion [Ck)Hi6N8]2+. Thus, concerning tautomerism, PhGBG sulphate does not differ from any previ ously studied bis(amidinohydrazones).
Crystals formed in water
In the crystals of PhGBG sulphate obtained from water, the unit cell contains two crystal lographically independent PhGBG dications, two crystallographically independent sulphate ions and a large amount of water (Fig. 2) . In these crystals, both PhGBG dications have an all-trans config uration of the bis(amidinohydrazone) backbone. The same isomer has been observed in the case of all of the bis(amidinohydrazones) of different glyoxals so far studied [11] [12] [13] [14] [15] [16] [17] , with the excep tion of CF3GBG sulphate [19] . In both of the crystallographically independent PhGBG units, the bis(amidinohydrazone) chain is almost planar (Ta ble IV; Fig. 2 ). Among the non-hydrogen atoms, the terminal nitrogens N(ll), N(lll), N(22) and (4) 38 (2) 17 (4) 28(4) -3(2) -1(2) 1(2) S ( 2) 26 (1) 14 (1) 30 (2) 2(1) -1(1) 1(1) 0 (5) 27(2) 27(3) 43(4) -1(2) -1(2) 6(2) 0 (6) 39 (2) 11 (3) 23 (3) 6(2) -5(2) 10(2) 0 (7) 45 (3) 29 (3) 17 (4) 1 (2) 11 (2) 3 (2) 0(8) 53 (3) 4 (3) ( 11) 40 (3) 22(4) 16 (5) 
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Crystals fa n n e d in aqueous ethanol
When PhGBG sulphate was recrystallized from hot water containing ca. 20 % of ethanol, not only the unit cell of the crystals was different but also the isomer of PhGBG present was different. In this case, the unit cell contains only one PhGBG dica tion, one sulphate ion and one water molecule. The crystals contains again only one isomer (Fig. 4) . In this isomer, one of the carbon-nitrogen double bonds between the glyoxal moiety and the guanylhydrazone moieties [C(2) The two guanylhydrazone moieties form two sep arate planes which are distorted 40.96° from each other (Table IX) 
Comparison to previously studied bis(am idinohydrazones)
Corresponding bond lengths and angles in both solved structures (Tables III and VIII) are Table IX essentially similar to each other and also to the corresponding values of previously studied bis(amidinohydrazones). In the crystals of PhGBG sulphate formed in 20 % ethanol, however, the an gle N(4)-C(2)-C(3) was somewhat exceptional, be ing 126°. In PhGBG dication, just as in its aliphatic analogues, the positive charge is delocalized over the terminal guanidino groups, the bonds around each guanyl carbon having approximately equal amounts of double-bond character, the only ex ception^ being constituted by the slightly shorter (1.285 A) bond between C( 1) and N(2) in the crystal formed in aqueous ethanol.
Isomerism
Previous crystallographic and NMR studies [7, [11] [12] [13] [14] [15] [16] [17] [19] [20] [21] [22] on the isomerism of GBG and the bis(amidinohydrazones) of C-alkylated glyoxals have suggested that only one of the three or four possible geometrical isomers is present in each case. It was concluded [7] that the classical syn theses of such bis(amidinohydrazones) [18] tend to yield exclusively the anti-anti isomer or that, less probably, the isomerization of the compounds in aqueous solutions is rapid on the NMR time scale and that only the anti-anti isomer tends to be crys tallized, any other isomers present in solution being rapidly converted into the anti-anti one during the formation of crystals.
Previously, only CF3GBG sulphate has been found to crystallize in the form of the anti-syn isomer [19] . The isomer of the PhGBG dication present in the crystals formed in 20 % ethanol is analogous to the only isomer observed in the case of CF3GBG. In both cases, the double bond having the syn configuration is the one closest to the elec tronegative substituent, i. e. to the CF3 group or the phenyl group.
Both types of crystals of PhGBG sulphate now studied were obtained by recrystallization of PhGBG sulphate that was obtained from a single synthesis batch. It is not known yet, whether two or even more isomers had been formed in the synthe sis, or whether perhaps only one isomer had been formed, being isomerized during the recrytallization process. One possible explanation for a putative facile isomerization of PhGBG can be presented by assuming that the carbon-nitrogen bond closest to the phenyl ring either has much single-bond charac ter or that electron transfers can occur that result in the formation of a single bond instead of the double bond during the isomerization reaction. These as pects are discussed in detail elsewhere in connection with the biochemical properties of PhGBG [25] .
The length of a C -N single bond should be about 1.47 A and that of a C=N double bond about 1.27 A. In the crystals of PhGBG that were formed in 20 % aqueous ethanol, the bond length between C(2) and N(4) was 1.301 A. Thus, its length is close to that of a typical double bond, but some sin gle bond character cannot be excluded. In many aliphatic bis(amidinohydrazones), the correspond ing bond/bonds have essentially the same length, but also shorter bond lengths have been observed, the observed values ranging between 1.275 A and 1.300 A [11] [12] [13] [14] [15] [16] [17] . Yet, the bond between C(2) and N(4) is clearly longer than corresponding bond be tween the unsubstituted glyoxal carbon C(3) and N(5) (1.278 A).
The solvent used obviously has a marked ef fect on which isomer is crystallized. In the case of PhGBG sulphate and CF3GBG sulphate, the crys tals had been formed in an aqueous ethanolic solu tion. Thus, the possibility exists that the alcohol had a marked role in the crystallization of the anti-syn isomer instead of the anti-anti isomer.
The possibility for the formation of the strong internal hydrogen bond between the guanylhydrazone moieties may strongly contribute to the crys tallization of the anti-syn isomer of PhGBG. Such a hydrogen bond is impossible in the case of the anti-anti isomer. In the case of CF3GBG sulphate, a similar hydrogen bond has also been observed [19] , The electron-withdrawing effects of the phenyl and trifluoromethyl groups may markedly increase the strength of the hydrogen bond.
The isomerization of PhGBG or the formation of two (or more) isomers in its synthesis may have a marked effect on the biochemical properties of PhGBG. For a detailed discussion of the biochemi cal and pharmacological implications of the present structural results, the reader is referred to a separate paper [25] .
